ABSTRACT: Two 21-d experiments were conducted to determine the optimum standardized ileal digestible (SID) Trp:Lys in growing pigs fed corn-based diets compared with non-corn-based diets. The primary response variables in both experiments were ADG and plasma urea N (PUN) concentrations with the optimum SID Trp:Lys determined using broken-line analysis. Experiment 1 evaluated the optimum SID Trp:Lys in growing pigs fed corn-based diets consisting primarily of corn with minor inclusion of Canadian field peas and corn gluten meal to keep the SID Trp:Lys low. This experiment used 120 crossbred pigs (initial BW: 25.73 ± 2.46 kg) that were blocked by sex and initial BW and allotted to 5 SID Trp:Lys with 5 pens each for the first 4 treatments and 4 pens for the last treatment and 5 pigs/pen. Diets were formulated by the addition of supplemental Trp to create various SID Trp: Lys (12.77, 14.07, 15.50, 16.91, and 17.94%) with a constant SID Lys of 0.66%, which was determined to be 83% of the Lys requirement for pigs at this location. As the SID Trp:Lys increased from 12.77 to 17.94%, ADG increased (0.562, 0.648, 0.788, 0.787, and 0.815 kg/d) linearly (P < 0.001) and quadratically (P = 0.009), resulting in an optimum SID Trp:Lys of 15.73% (P < 0.001). Plasma urea N decreased (10.43, 9.30, 8.21, 8.55, and 9.25 mg/dL) linearly (P = 0.069) and quadratically (P = 0.015), resulting in an optimum SID Trp:Lys of 15.83% (P = 0.007). Experiment 2 evaluated the optimum SID Trp:Lys in growing pigs fed non-corn-based diets consisting primarily of barley and Canadian field peas, with smaller proportions of corn and wheat. Experiment 2 used 120 crossbred pigs (initial BW: 28.49 ± 2.92 kg) that were allotted to 5 increasing SID Trp: Lys (13.05, 14.32, 15.59, 16.85, and 18.11%; 0.66% SID Lys) in the same manner as Exp. 1. As SID Trp:Lys increased in Exp. 2, ADG increased linearly (P = 0.007) with the optimum SID Trp:Lys of 15.99% (P = 0.048). Plasma urea N concentrations decreased linearly (P = 0.056) and quadratically (P = 0.067) as SID Trp:Lys increased, resulting in an optimum SID Trp:Lys of 15.29% (P = 0.009). Averaging the break point values for ADG and PUN obtained from broken-line analysis for Exp. 1 and 2 produced optimum SID Trp:Lys of 15.78 and 15.64%, respectively. Based on the results from these 2 experiments, it seems that the optimum SID Trp:Lys is virtually unaffected by the dietary feedstuffs used as long as the diets are formulated on an SID AA basis.
INTRODUCTION
The ideal protein concept (and the expression of AA needs in relation to the Lys content of the diet) was examined quite extensively in the classic work of Wang and Fuller (1989) and Chung and Baker (1992) . The Trp requirements of swine have been evaluated extensively in a variety of settings, but remain controversial because of considerable variation among the published data (Susenbeth, 2006) . The bulk of the research has focused on nursery pig nutrition, with progressively less research having been conducted utilizing growing and finishing pigs. Many of the studies examining the Trp:Lys requirements of pigs have used corn-soybean meal (SBM) based diets (or with some slight variation; Pluske and Mullan, 2000; Castaining et al., 2002; Kendall et al., 2007) . However, other studies (Jansman et al., 2000 (Jansman et al., , 2010 Lynch et al., 2000; Guzik et al., 2005a; Susenbeth and Lucanus, 2005 ) that used non-cornbased diets (specifically wheat, barley, or peas, or all those) have resulted in required ratio estimates above the total Trp-to-Lys ideal ratio of 18% described by Wang and Fuller (1989) and Chung and Baker (1992) .
The inclusion of alternative feedstuffs in least-cost feed formulation has had considerable impact on supplemental AA inclusion in swine diets. It is important that the Trp:Lys requirement (as well as the other indispensable AA:Lys requirements) be well defined to use these feedstuffs and supplemental AA most efficiently, as well as to maximize pig performance and minimize N excretion. Therefore, the objective of the experiments was to determine if the optimum SID Trp:Lys for 25-to 50-kg pigs fed diets containing primarily corn differed from that of pigs fed diets based primarily on other cereals.
MATERIALS AND METHODS
All the experiments were conducted under protocols approved by the University of Kentucky Institutional Animal Care and Use Committee.
Pigs were brought into the growing-finishing facility at approximately 18 to 20 kg of BW and immediately placed on a common corn-SBM grower diet adequate in all nutrients for a minimum period of 1 wk before allotment for the experiments. During each 21-d experiment, pigs were provided with ad libitum access to feed and water and were housed in 24 pens (2.73 m × 4.55 m) equipped with a single-sided, 2-hole, stainlesssteel feeder and 2 nipple waterers in an environmentally regulated room at the swine research unit.
Animals and Treatments
Experiment 1 used 120 crossbred pigs [Yorkshire × Duroc; (Yorkshire × Duroc) × Chester White; (Yorkshire × Landrace) × Duroc; (Yorkshire × Landrace × Duroc) × Chester White] with an initial BW of 25.73 ± 2.46 kg. The pigs were blocked based on sex and BW and allotted to dietary treatment in a randomized incomplete block design with 5 SID Trp:Lys diets (12.77, 14.07, 15.50, 16.91, and 17 .94%) with 5 replicate pens for the first 4 treatments and 4 replicate pens for the last treatment. Three replicates contained 3 barrows and 2 gilts/pen, and another 2 replicates contained the inverse (in all, 63 barrows and 57 gilts were used).
Experiment 2 used 120 crossbred pigs [Yorkshire × Duroc; Yorkshire × Landrace; (Yorkshire × Duroc) × Chester White; (Yorkshire × Landrace) × Duroc; (Yorkshire × Landrace × Duroc) × Chester White] with an initial BW of 28.49 ± 2.92 kg. The same allotment methods and procedures used in Exp. 1 were used with minor exceptions. Replicates 1 and 2 in this experiment contained 3 barrows and 2 gilts/pen, replicates 3 and 4 contained the inverse, and replicate 5 (which omitted the last diet) contained 2 barrows and 3 gilts/pen for a total of 58 barrows and 62 gilts. The 5 SID Trp:Lys used were 13. 05, 14.32, 15.59, 16.85, and 18 .11%.
Experimental Diets
All raw materials were analyzed for total AA content before each experiment, as well as dietary content after mixing (Evonik-Degussa, Kennesaw, GA). Amino acid concentrations were determined by ion-exchange chromatography with postcolumn derivatization with ninhydrin. Amino acids were oxidized with performic acid, which was neutralized with sodium metabisulfite (Llames and Fontaine, 1994; European Community, 1998) . Amino acids were liberated from the protein by hydrolysis with 6 N HCl for 24 h at 110°C and quantified with the internal standard method by measuring the absorption of reaction products with ninhydrin at 570 nm. Tryptophan was determined by HPLC with fluorescence detection (extinction, 280 nm; emission, 356 nm) after alkaline hydrolysis with barium hydroxide octahydrate for 20 h at 110°C (European Community, 2000) . Supplemented AA were determined after extraction with 0.1 N HCl (European Community, 1998) . The total AA analyses and the standardized ileal digestible (SID) AA coefficients for all ingredients (Evonik-Degussa's SID coefficients; AminoDat 3.0. 2005, Evonik Degussa GmbH, Hanau, Germany) were used in the final diet formulation. Amino acids not being examined were formulated to meet the ideal AA pattern of Chung and Baker (1992) with a minimum of 1 to 2% overage for each essential AA (e.g., if the estimated ideal ratio of an AA was 60%, diets were formulated to be a minimum of 61 to 62% for that AA). To ensure an appropriate response to incremental Trp supplementation, the basal diets were formulated to a suboptimal Lys of 0.66% SID Lys (about 0.75 to 0.79% total Lys, depending on ingredients used), which was 83% of the determined Lys requirement for the pigs at the University of Kentucky (determined in a preliminary study). Vitamins and minerals were added to all diets to meet or exceed NRC (1998) requirement estimates. Antioxidants (Santoquin-Ethoxyquin, Novus Int. Inc., St. Louis, MO) and a broad-spectrum antibiotic (Tylan-40, Tylosin phosphate, Elanco Inc., Greenfield, IN) were added to the diet to avoid any health-related issues. These experiments used a diet mixing procedure, in which 2 basal diets were initially mixed (the low and high Trp:Lys diets) and then blended in appropriate proportions to create the intermediate dietary treatments. This method of diet mixing was used to reduce diet-to-diet variation. Supplemental Trp (l-Trp, Evonik-Degussa) was added at the expense of cornstarch to create the high Trp:Lys basal diets. Diet samples were analyzed for CP, total AA content, and supplemental AA content (Evonik-Degussa).
The objective of Exp. 1 was to evaluate the optimum SID Trp:Lys using corn-based diets. To keep the Trp content as low as possible in the basal diet, SBM inclusion was limited to 5%, Canadian field peas were included at 5%, and corn gluten meal was included at 5% (Table 1 ). The dietary treatments for Exp. 1 consisted of 5 SID Trp:Lys.
The objective of Exp. 2 was to evaluate the optimum SID Trp:Lys in growing pigs using non-corn-based diets, specifically barley, Canadian field peas, and wheat (Table 2) . Wheat inclusion was limited to 8% because of its greater Trp:Lys. A low ratio was also facilitated by the addition of greater protein diluent-type ingredients such as corn starch, choice white grease, and sand, which have a Trp:Lys of zero. Dietary treatments consisted of 5 SID Trp:Lys.
Data Collection
Pig BW and feed intake were measured weekly for determination of growth performance. On d 21, blood samples were collected via jugular venipuncture using The l-Trp was added at the expense of cornstarch to the high-standardized ileal digestible (SID) Trp:Lys diet.
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Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); the primary feedstuffs were analyzed for AA; SID values for feedstuffs were those of Evonik-Degussa Corp. (Kennesaw, GA). The analyzed total Trp:Lys differed by a small amount from the computed ratios. Therefore, the computed SID ratio in parentheses is the original SID calculated ratio adjusted by the same percentage as the analyzed total ratio deviates from the calculated total ratio [e.g., 12.43 × (14.62/14.22) = 12.77].
an 18-gauge needle and 10-mL syringe and then transferred into a 7-to 10-mL-capacity evacuated bloodcollection tube spray coated with sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ). On the morning of scheduled blood collection, pigs were awakened at 0700 h to stimulate feed consumption and blood collection commenced at 0845 h. Immediately after collection, blood samples were stored on ice until centrifugation (1,200 × g for 20 min at 4°C). After centrifugation, plasma was harvested, divided into 1-mL aliquots, and stored at −20°C. Samples were then analyzed for plasma urea N (PUN) at the USDA labora- The l-Trp was added at the expense of cornstarch to the high-standardized ileal digestible (SID) Trp:Lys diet.
Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); the primary feedstuffs were analyzed for AA; SID values for feedstuffs were those of Evonik-Degussa Corp. (Kennesaw, GA).
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Analyzed values for CP and AA are presented in parentheses and are expressed as a percentage as fed; the ratio is that of the computed Trp based on a regression of analyzed values (thus, 0.12 for the low diet and 0.16 for the high diet) divided by the mean analyzed Lys (0.84%) for all 5 diets.
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The analyzed total Trp:Lys differed by a small amount from the computed ratios. Therefore, the computed SID ratio in parentheses is the original SID calculated ratio adjusted by the same percentage as the analyzed total ratio deviates from the calculated total ratio [e.g., 13.87 × (14.36/15.26) = 13.05].
tory in Ames, IA. Plasma urea N was analyzed colorimetrically (Kit B755-10, Pointe Scientific Inc., Lincoln Park, MI) with a spectrophotometer (Varian Cary 50, Varian Analytical Instruments, Walnut Creek, CA).
Statistical Analysis
Before ANOVA, the growth performance was evaluated to identify any statistical outliers within individual pens. First, the pens displaying intrapen CV values greater than 25% for ADG were identified for further examination. Then, individual pig performance within the selected pens was evaluated to identify the pig most divergent from its pen mates. This performance was then compared with littermates on other treatments in the experiment to determine whether the observed abnormalities were simply a genetic response. The suspected outliers were also compared with the performance of other pigs in other pens on that same dietary treatment. In the majority of evaluations, the pig was not removed from the data set; in a few instances, it was decided that removal of the selected pigs from the study was appropriate based on criteria used by van de Ligt et al. (2002) . When a pig was removed, the feed intake of the remaining pigs within those pens was estimated using the model developed by Lindemann and Kim (2007) .
The experimental data were then analyzed using Proc GLM (SAS Inst. Inc., Cary, NC). The pen of pigs was the experimental unit. The statistical model included treatment and replicate. Appropriate coefficients for determination of the single degree of freedom contrasts for linear and quadratic responses across the dietary treatments were computed using the interactive matrix language procedure (Proc IML of SAS). Because of incomplete replication, least squares means are reported. The ADG and PUN responses were also subjected to linear broken-line regression analysis (Robbins et al., 2006) , where the mean of the identified breakpoints for ADG and PUN represented the estimated optimum Trp:Lys. Although it was not the primary approach used for determination of the optimum Trp:Lys, the results were also subjected to quadratic broken-line analysis to facilitate comparison with sources in the literature that used curvilinear or exponential statistical models to determine the requirements.
RESULTS

Exp. 1
The results of Exp. 1 are given in Table 3 . As SID Trp:Lys increased, ADG for the 21-d period increased linearly (P < 0.001) and quadratically (P = 0.009). The optimum SID Trp:Lys for ADG based on linear brokenline analysis was 15.73% (P < 0.001; Figure 1) . These results were supported by the PUN response, which decreased linearly (P = 0.069) and quadratically (P = 0.015) as SID Trp:Lys increased. The break point from linear broken-line analysis revealed an optimum SID Trp:Lys for PUN to be 15.83% (P = 0.007; Figure 2 ). Daily feed intake and G:F were not primary responses, but these results did in fact strongly support the ADG and PUN results (Table 3) . Overall, based on the mean of the optima determined using linear broken-line analysis for the ADG and PUN responses, the optimum SID Trp:Lys for growing pigs fed corn-based diets was 15.78%, equating to 17.19% on a total AA basis. The mean of the optimum ADG and PUN responses from quadratic broken-line analysis revealed a greater SID Trp:Lys of 16.69% (18.43% on a total basis).
Exp. 2
The results of Exp. 2 are shown in Table 4 . One pen on the second Trp:Lys (14.32%) was removed as an outlier because of inexplicable ADG during wk 3 that was less than 40% of all other pens, including pigs fed the least Trp:Lys. As SID Trp:Lys increased, there was a linear increase in ADG (P = 0.007); high variation on the third and fourth Trp:Lys treatment (shown in Figure 3 ) precluded a quadratic response (P = 0.187). Nonetheless, linear broken-line analyses revealed an optimum SID Trp:Lys for ADG to be 15.99% (P = 0.048; Figure 3 ). Plasma urea N concentrations decreased linearly (P = 0.056) and quadratically (P = 0.067) as SID Trp:Lys increased. Broken-line analysis identified an optimum SID Trp:Lys for PUN to be 15.29% (P = 0.054; Figure 4 ). In general, ADFI increased linearly (P = 0.009) as SID Trp:Lys increased, although the numerical differences among diets containing 14.32, 15.59, 16.85, and 18.11% were subtle. Averaging the break point values for ADG and PUN obtained from 
DISCUSSION
In AA ratio requirement studies, it is essential to avoid formulating dietary Lys in excess of the requirement of the pigs because the subsequently determined optimum ratio will be underestimated (Boisen et al., 2000; Susenbeth and Lucanus, 2005; Susenbeth, 2006) . Therefore, a preliminary study was conducted from which the Lys requirement for the pigs at the University of Kentucky was estimated to be 0.80% SID Lys (0.90% on a total basis). An issue that arises when discussing AA requirements is that there is no universally accepted dogma as to the definition of an AA requirement. If the requirement is defined as the maximum response of all of the animals in a defined population, by exponential regression, 100% of the upper asymptote should represent the best estimate of the requirement. Many will argue though that this approach of formulating diets to meet the requirements of all animals (including those requiring the greatest of the AA in question) is neither practical nor economical (Baker, 1986) . The growth response curves for AA studies are generally curvilinear, exhibiting a lesser slope between 0 and 30% of the maximum response, constant slope between 30 and 70%, and then decreasing slope (ultimately reaching a slope of zero) between 70 and 100% of the maximum response. In theory, as the slope decreases at around 70% of the asymptote, the requirement is met for the pig in the population requiring the least amount of the AA in question. The requirement is met for more pigs as the slope continues to decrease with increasing AA intake, where at a slope of zero, the requirement for 100% of the pigs will have been satisfied (Baker, 1986) . Based on this theory, the arbitrary selection of 90 or 95% of the maximum response or upper asymptote of the response curve used in previous studies is probably aimed at meeting the requirement of most of the animals in a population.
Broken-line regression analysis is preferred by some because it objectively selects the break point of the 2 lines as the requirement (Baker, 1986; Robbins et al., 2006) . In comparison, this avoids the bias of arbitrarily selecting a certain percentage of the asymptote as the requirement. In theory, linear broken-line analysis should describe the requirement of the average pig in that particular population (Baker, 1986 ). This approach is sufficient for many data sets, when it accounts for a substantial proportion of the total variation, yielding an overall satisfactory visual fit (Robbins et al., 2006) . Robbins et al. (2006) also describes an alternate model of broken-line regression that includes a quadratic component, which may be more appropriate for some data sets. Using this approach, the requirement is defined as the asymptote of the fitted quadratic broken line. Requirement estimates using this approach, based on the nature of the requirement selection, may be more comparable with results determined using exponential regression. Overall, linear broken-line regression analysis will generally predict smaller requirement values than those determined by quadratic broken-line regression or by exponential regression (Baker, 1986) . Both linear and quadratic broken-line analysis responses from the current studies (although linear broken-line analysis is favored) aid in comparison with past and future studies that may present a single analysis of the data.
Several Trp:Lys studies (or Trp requirement studies in which the Lys content was not greater than the Trp requirement, in which case a Trp:Lys can be calculated) have used corn-SBM diets (or some variation with corn as the primary ingredient). Utilizing nursery pigs, Lynch et al. (2000) , Castaining et al. (2002), and Jansman et al. (2010) reported optimum Trp:Lys above 20%. In the studies of Lynch et al. (2000) and Castaining et al. (2002) , however, a plateau was not reached in the performance responses, and the optimum ratio could, conceivably, have been even greater. Kendall et al. (2007) evaluated SID Trp:Lys in latefinishing pigs (90 to 125 kg of BW) fed typical US production diets based on corn and SBM. Three different experiments were conducted at different production facilities with varied genotypes and pig densities. Despite some differences among the 3 experiments, the results displayed consistent responses to increasing dietary Trp:Lys. The results from the 3 studies were combined, which yielded results from 14 SID Trp:Lys ranging from 10.9 to 29.0%. These data were subjected to linear and quadratic broken-line analysis, which were used as the upper and lower values in a recommended optimal range of 14.55 to 17.05% SID Trp:Lys. Because the authors compared these results with the ratios estimated by Wang and Fuller (1989) and Chung and Baker (1992) , they did not indicate a drastic difference from the estimated optimum Trp:Lys, but the range was slightly lower for finishing pigs fed corn-SBM diets. The optimum SID Trp:Lys of 15.78% from Exp. 1 herein lies well within the suggested range of Kendall et al. (2007) .
In the area of nursery pig nutrition, several publications have examined Trp:Lys in pigs fed diets containing cereals other than corn (Jansman et al., 2000 (Jansman et al., , 2010 Guzik et al., 2005a ). There has not been any published Trp:Lys requirement research using growing or finishing pigs fed this type of diet. Jansman et al. (2000) estimated that SID Trp:Lys in excess of 20.9% were required for optimal growth in 9-to 28-kg pigs fed primarily wheat-based diets. In their experiment, they examined only 3 SID Trp:Lys, which were widely spaced (14.8, 18.0, and 20.9%), with the greatest response for ADG at a Trp:Lys of 20.9%. Guzik et al. (2005a) evaluated Trp:Lys in 7-to 16-kg nursery pigs fed diets composed of pea, barley, and wheat (Trp:Lys: 14.5, 17.0, and 19.5%). Results of their trial displayed a linear improvement in ADG, with optimum performance at the greatest Trp:Lys (19.5%; P < 0.01). The number of treatments and the spacing of these treatments in those 2 sources may limit the interpretation of those data sets because additional treatments may facilitate more precise identification of an optimum Trp:Lys. The reported optima from those 2 sources for diets containing non-corn-based diets lie well above the calculated Trp:Lys of 18% reported by the NRC (1998), as well as above the 16.32% that was determined in Exp. 2. A recent study by Jansman et al. (2010) evaluated the effect of diet composition on the Trp requirement of nursery pigs. In their 28-d experiment, they used 4 apparent ileal digestible (AID) Trp amounts of 1.4, 1.7, 2.0, and 2.3 g/kg (corresponding to AID Trp:Lys of 14, 17, 20, and 23%) in both wheat-barley based and corn-SBM diets for a total of 8 experimental diets. Based on ADG and ADFI data from that experiment, the authors reported a Trp requirement of 2.1 g/kg, which translates to an estimated AID Trp:Lys requirement of 21%. This requirement was determined using a variation of the curvilinear method (95% of the maximum response), which tends to overestimate the requirement (Guzik et al., 2005b; Susenbeth, 2006) . Our evaluation of their data using linear broken-line methodology yielded an AID Trp:Lys estimate of 18.7% for both the wheat-barley and corn-SBM-based diets. These values are much closer to the ideal ratio of 18% reported by Wang and Fuller (1989) and Chung and Baker (1992) , but still well above the optima determined in Exp. 1 and 2 (15.78 and 15.64%, respectively). Although the optimum derived in the present experiments was below that determined by Jansman et al. (2010) , the results do support the conclusion of Jansman et al. (2010) that the Trp requirement of young pigs does not seem to be dependent on ingredient composition alone.
In a review of the scientific literature, Susenbeth (2006) indicated that factors such as BW, growth rate, and year of publication (as an indicator of genetic improvement) did not affect the optimum Trp:Lys. However, it is apparent that the contributing authors differed in style and approach in regard to experimental and analytical design; therefore, it seems appropriate to review several factors that should be considered when conducting an AA ratio experiment. First, accurate identification of the Lys requirement of the pigs to be used in the experiment is critical because overfeeding Lys will result in an underestimation of the optimum AA:Lys (Susenbeth, 2006) . Feeding a suboptimal dietary Lys level (e.g., 90% of the requirement) should ensure that the determined optimum AA:Lys will correspond to maximum utilization of both the AA in question and Lys (Van Cauwenberghe and Relandeau, 2000) . Second, the inclusion of an appropriate number of dietary treatments (n ≥ 5) with acceptable treatment spacing is very important. The treatment structure should cover the ranges of deficiency, adequacy, and surplus to enable accurate determination of the optimum AA ratio intake (Susenbeth, 2006) . Third, selection of appropriate response criterion is important. Most experiments have measured daily BW gain and feed intake, whereas fewer experiments have measured PUN or plasma AA metabolite concentrations. Without any direct measures of lean deposition, PUN values would be the best indicator of N metabolic status. Fourth, the selection of statistical analysis procedures is critical. As noted earlier, the statistical method chosen to evaluate the experimental data directly affects the reported optimum AA:Lys. The optima determined using linear broken-line analysis (linear-plateau) generally selects a breakpoint below the optima that have been determined using either quadratic broken-line or curvilinear approaches.
Based on the mean from Exp. 1 and 2, an optimum SID Trp:Lys of 15.71% was established for 20-to 50-kg pigs fed diets containing either corn-based or non-cornbased diets. This value is slightly less than the Trp:Lys of 18% from ideal AA pattern studies (Wang and Fuller, 1989; Chung and Baker 1992) and 17% indicated in the recent review of the Trp literature (Susenbeth, 2006) . More importantly, these results indicate that as long as dietary AA are formulated to an SID basis, the adjustment of the Trp:Lys based on cereal type being fed is not required.
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